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1 Introduction 
Epidemiological research has consistently 
shown an association between fine and ultrafine 
particle concentrations, and increases in both 
respiratory and cardiovascular morbidity and 
mortality. These particles, often found in vehicle 
emissions outside buildings, can penetrate inside 
via their envelopes and mechanically ventilated 
systems. Indoor activities such as printing, 
cooking and cleaning, as well as the movement 
of building occupants are also an additional 
source of these particles. In this context, the 
filtration systems of mechanically ventilated 
buildings can reduce indoor particle 
concentrations. Several studies have quantified 
the efficiency of dry-media and electrostatic 
filters, but they mainly focused on the particle 
size range > 300 nm. Some others studied 
ultrafine particles but their investigations were 
conducted in laboratories. At this point, there is 
still only limited information on in situ filter 
efficiency and an incomplete understanding of 
filtration influence on I/O ratios of particle 
concentrations. To help address these gaps in 
knowledge and provide new information for the 
selection of appropriate filter types in office 
building HVAC systems, we aimed to: (1) 
measure particle concentrations at up and down 
stream flows of filter devices, as well as outdoor 
and indoor office buildings; (2) quantify 
efficiency of different filter types at different 
buildings; and (3) assess the impact of these 
filters on I/O ratios at different indoor and 
outdoor source operation scenarios. 
2 Materials/Methods 
Three office buildings close to busy roads in the 
city of Brisbane, with different mechanically 
ventilation and filtration systems, were selected 
for measurement and analysis. They were named 
as Buildings A, B and C. The buildings had a 
steel frame and glass exterior walls, as well as 
fully carpeted floors in all of the working areas. 
All of the buildings had standard office 
furnishings and were non-smoking.  
Central ventilation systems operated in each 
building. Central plant rooms were located at 
each floor at Buildings A and C, while at 
Building B, they were located only at the 
rooftop level. One single split air conditioning 
system was used at Building A to condition 
several individual rooms. Deep bed air filters 
(DBFs) were used in the plant rooms of all three 
buildings to filter mixing air, while electrostatic 
filters (ESFs) were only used to filter outdoor air 
at Building C.     
At each building, particle number (PN) and 
particle number size distribution (PNSD) 
concentrations were measured simultaneously 
up and down stream from each filter device by 
two sets of TSI’s CPC and SMPS which 
operated for at least one hour. Simultaneous PN 
and PM2.5 concentrations were also measured by 
two TSI CPC’s and DustTrak’s for at least 24 
hours at each pair of relevant indoor and outdoor 
locations. Air exchange rates at each building 
were calculated by the CO2 decay, which was 
measured by a TSI QTrak. 
3 Results and Discussions 
Air exchange rates at Buildings A, B and C are 
presented in Table 1. The rates for when the 
ventilation was on were significantly higher than 
those when the ventilation was off (p < 0.001). 
Table 1. Air exchange rates (h-1) 
Building HVAC on HVAC off 
A 0.27 ± 0.04 0.09 ± 0.07 
B 0.36 ± 0.03 0.16 ± 0.03 
C 0.35 ± 0.01 0.13 ± 0.01 
Overall efficiency of DBFs at Buildings A, B 
and C are illustrated in Table 2. Their efficiency 
versus particle size is shown in Figure 1. Overall 
filter efficiency for the particle size range of 6-
3000 nm was significantly higher than for 8.5-
370 nm (p < 0.05), indicating that the filtration 
efficiency is particle size dependent. The 
fraction efficiencies showed maximums for 
particles in the size range 10-20 nm. The 
minimum efficiency was observed for particles 
approximately 80-110 nm in size. The efficiency 
at Building A was significantly higher than 
those at Buildings B and C (p < 0.05), which 
may be a result of the newer ventilation and 
filtration system at Building A compared to 
Buildings B and C.  
Table 2. DBFs’ overall efficiency. 
Buil. Level Filter efficiency (Mean ± SD) P_value 
8.5 - 370 nm 6 - 3000 nm 
A 1 43.0 ± 8.5 50.1 ± 7.0 < 0.05 
3 49.8 ± 8.7 57.7 ± 9.2 < 0.05 
B roof 20.4 ± 8.0 26.3 ± 4.1 < 0.05 
C 2 28.6 ± 3.6 31.0 ± 6.3 < 0.05 
3 16.7 ± 1.7 22.5 ± 2.5 < 0.05 
6 26.3 ± 2.9 27.4 ± 2.6 < 0.05 
 
Figure 1: DBFs’ efficiency versus particle size. 
The overall efficiency of ESFs at Building C is 
illustrated in Table 3 and their efficiency versus 
particle size is illustrated in Figure 2. The 
overall efficiencies for particles in the size range 
of 6-3000 nm were significantly higher than 
those in the range 8.5-370 nm (p < 0.05). These 
efficiencies are lower than the results of 
previous laboratory studies (80-95%), which 
were reported by Hanley (1994) and Jamriska 
(1998). In addition, our maximum fraction 
efficiency was observed for particles around 10 
nm in size, and it then decreased when particle 
size increased. In contrast, Hanley (1994) and 
Jamriska (1998) reported a maximum efficiency 
for particles in the size range 40-50 nm, with a 
large drop in the filtration efficiency below 30 
nm. 
Table 3: ESFs’ overall efficiency. 
Level Filter efficiency (Mean ± SD) P_value 
8.5 - 370 nm 6 - 3000 nm 
2 65.7 ± 8.8 77.0 ± 4.2 < 0.05 
3   57.0 ± 12.1 60.2 ± 9.0 < 0.05 
6 62.3 ± 6.4 71.8 ± 4.2 < 0.05 
Particle concentrations in the mixing and supply 
air of a fan coil unit (FCU) in a meeting room at 
Building A were measured. The results show 
that variations in supply air particle 
concentrations followed variations in outdoor air 
particle concentrations when the FCU was on, 
however when the FCU was off, indoor particle 
concentrations started to decline. By comparing 
particle concentration levels in the supply air 
and outdoor air, it was found that the filtration 
efficiency of the FCU was very limited and 
could be significantly lower than the efficiency 
of the DBFs in the buildings central plant rooms. 
 
Figure 2: ESFs’ efficiency versus particle size. 
I/O ratios of PN and PM2.5 concentrations were 
quantified for different time periods.  The ratios 
were highest at all three buildings during the 
vacuum cleaning activities in the evening, while 
they were lowest when the buildings were 
vacant. However when the building was vacant, 
the I/O ratios were significantly lower when the 
HVAC was on compared to when it was turned 
off (p < 0.05). This implies that the filters not 
only contributed to preventing outdoor particles 
from entering the building, but also to the 
reduction of existing indoor particle 
concentrations. The I/O ratios for when the 
building was occupied were significantly higher 
than those when the building was vacant. The 
movement and activities of building occupants, 
as well as the operation of office equipment, 
such as laser printers, could be particle sources 
which contributed to indoor particle 
concentrations during the working hours.    
4 Conclusions 
Both overall efficiency and particle size 
efficiency for DBFs and ESFs were quantified 
in-situ. The filtration was found to have a clear 
impact on I/O particle concentration ratios by 
preventing the indoor penetration of outdoor 
particles, as well as reducing existing indoor 
particles. 
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